The fluorine atom concentration has been measured in the downstream region of a low-temperature, atmospheric-pressure plasma fed with 739.0 Torr helium and 12.6 Torr carbon tetrafluoride (3.1 × 10 17 cm −3 ). The fluorine atoms were titrated with H 2 molecules, and the HF reaction product was detected by infrared spectroscopy. The radio-frequency gas discharge produced 1.2 × 10 15 cm −3 of F atoms, which was about two orders of magnitude higher than that found in low-pressure plasmas. The average electron density and temperature in the plasma was estimated to be 6.1 × 10 11 cm −3 and 2.5 eV, respectively. A numerical model of the plasma indicated that most of the fluorine atoms were generated by the reaction of CF 4 with metastable helium atoms.
Introduction
Fluorine-containing plasmas are used extensively in the fabrication of microelectronic devices [1] . Reactive-ion etching of silicon dioxide with F atoms generated in lowpressure discharges is a key step in defining the submicron features found in very large scale integrated circuits [2, 3] . In this process, the fluorine provides chemical activity to the process, while ion bombardment ensures that anisotropic etching is achieved. Fluorocarbon-based plasmas also have been used to etch tungsten [4] , remove damage from silicon wafers following chemical mechanical polishing [5] , and isotropically etch MEMS devices [6] . Moreover, these discharges are of interest for decontaminating nuclear wastes, since F atoms have been found to strip away uranium and plutonium films [7, 8] .
The chemistry and physics of low-pressure, carbon tetrafluoride plasmas has been the subject of much investigation [2] . One of the main objectives of this work was to determine the concentration of neutral fluorine atoms, since these species play a key role in the etching process. Fluorine atom concentrations have been measured by actinometry [9] , vacuum ultraviolet absorption spectroscopy [10] , appearance potential mass spectrometry [11] , chemiluminescent titration [12] , and mass spectrometric titration [13] . The titration techniques utilize the fast reactions of F with Cl 2 or H 2 . It has been found that in weakly ionized plasmas containing pure CF 4 at pressures between 0.01 and 1.0 Torr, the concentration of F atoms ranges from 10 11 to 10 13 cm −3 . Recently, atmospheric pressure, fluorocarbon-based plasmas have been examined for isotropic etching applications [5, 14] . One of the advantages of these systems is that they do not require insertion of the substrate into a vacuum chamber. Hicks and co-workers [15] [16] [17] [18] [19] have shown that stable, capacitive discharges may be produced at atmospheric pressure by feeding helium between two electrodes driven with radio-frequency (RF) power (e.g. 13.56 MHz). This discharge differs from other atmospheric-pressure plasmas, such as torches, dielectric barrier discharges, coronas, and cold cathodes, in that the neutral gas temperature is below 423 K and the weakly ionized gas is for the most part homogeneous in space and time [15] . Feeding CF 4 to this plasma produces a reactive gas stream that etches tantalum at rates up to 6.0 µm min −1 at a sample temperature of 573 K [19] . In this paper, we report on the measurement of the fluorine atom concentration in the afterglow of an atmospheric pressure, carbon tetrafluoride and helium plasma. The F atoms were detected by titrating the gas with H 2 , and then recording the vibrational spectrum of the resultant HF molecules. We have found that the atmospheric-pressure plasma generates a large concentration of fluorine atoms downstream of the electrodes, in the range of 10 15 cm −3 . 
Experimental methods
The apparatus used in these experiments has been described previously [16] . A schematic of the source is shown in figure 1 . corresponding Reynolds number was 114, which was well within the laminar-flow regime. The helium and hydrogen were both of ultra-high purity (99.999%), while the carbon tetrafluoride was of semiconductor purity (99.95%). For the titration experiments, an H 2 and He mixture was fed to the system through a linear array of 50 holes, each 0.8 mm in diameter. This array was located 3 mm downstream of the edge of the plasma discharge, across the width of the lower grounded electrode. A Fourier-transform infrared spectrometer (BioRad FTS-7) was used to monitor the titration process. The infrared beam from the spectrometer passed through the gap between the two plates at the point where the hydrogen and plasma effluent mixed. Slits on each side of the BaF 2 windows restricted the beam width to 2 mm. The infrared light was collected with a mercury-cadmium-telluride (MCT) detector at a resolution of 1 cm −1 and by signal averaging 256 scans. Figure 2 shows the infrared spectrum of hydrogen fluoride obtained by adding 0.7 × 10 15 cm −3 hydrogen to the afterglow of the CF 4 and He plasma. The rotational structure associated with the P and R branches of the vibrational spectrum is clearly observed. We have used one of the peaks in the R branch to monitor the amount of HF produced in the titration experiments. In the figure, the curve connecting the peaks in the R branch is the rotational intensity distribution calculated from HITRAN data [20] for a gas temperature of 390 K. A thermocouple suspended in the gas at the titration point yielded a temperature of 373 K.
Results and discussion
The dependence of the infrared peak height of hydrogen fluoride (at 4039.7 cm −1 ) on the hydrogen concentration in the gas downstream of the plasma is shown in figure 3 . The peak intensity increases linearly with the hydrogen concentration up to about 1.0 × 10 15 cm −3 , and thereafter remains relatively constant. A plateau is observed at the point where the F atom concentration begins to limit the rate of production of hydrogen fluoride. Since the reaction stoichiometry is 1 : 1, the knee in the curve corresponds to a hydrogen concentration that equals the F atom concentration:
15 cm −3 . Given the uncertainties inherent in this method, we estimate that this measurement is accurate to within ±20% of the value.
For the titration technique to work, the consumption rate of H 2 by F has to exceed the consumption rates of H 2 by other reactions. This is indeed the case here, given that the bimolecular rate constant for this reaction is 4.4 × 10 −11 cm 3 s −1 at 390 K [21] . The next fastest reaction involving fluorine atoms is three-body recombination, F + F + He → F 2 + He, which has a pseudo-bimolecular rate constant of 4.8 × 10 −14 cm 3 s −1 at 390 K [22] . The reactions of CF x radicals with F or H 2 are not significant, given that the radical concentrations are several orders of magnitude lower than the F and H 2 concentrations at the titration point (see later). It should be noted that the F atom density is in the same range as the O and N atom densities obtained by feeding either O 2 or N 2 to the helium-stabilized atmospheric-pressure plasma [16, 17] .
A one-dimensional 'plug-flow' model has been developed to determine the concentration of the fluorine atoms and other reactive species as they evolve in time or distance downstream of the reactor. This model assumes that there is no gas mixing in the axial flow direction and perfect mixing in the crossstream direction. In addition, the temperature is assumed to be constant, equal to 390 K. The reaction mechanism is given in In order to calculate the rate constants for electronneutral reactions given in table 1, we needed an estimate of the average electron density and temperature in the plasma. These parameters were estimated for the plasma, based on the measured r.m.s. current and discharge voltage, and using the zero-dimensional power balance reported by Park et al [18, 24] . An estimate of the electron density, n e , can be obtained from the relationship between the RF current density, J , and the electric field strength, E:
where e is a unit of electric charge, and µ e is the electron mobility (cm 2 V −1 s −1 ). Knowing the plasma density, the average electron temperature, T e , can be calculated from a zero-dimensional power balance on the plasma:
Here, P in is the input power density (W cm −3 ), T n is the gas temperature (eV), m e /m He is the mass ratio between the electron and the helium atom, and ν en is the collision frequency (Hz) for elastic scattering of electrons with helium. This equation assumes that the plasma power is dissipated primarily through elastic collisions of electrons with neutrals.
The r.m.s. current and voltage measured for the CF 4 -He discharge were 8.03 A and 337 V, respectively, which corresponds to a current density, J , of 0.35 A cm −2 and an electric field, E, of 2106 V cm −1 . From equations (1) and (2), an electron density and temperature of 6.1 × 10 11 cm −3 and 2.5 eV, respectively, were obtained.
The kinetics of the helium reactions, R1-R9, was taken from a theoretical study of the atmospheric pressure helium discharge conducted by Yuan and Raja [26] . The rate coefficients for electron-impact dissociation and electronattachment dissociation, R16-R23, were computed using the cross sections, Q d (ε), reported in the literature [28] [29] [30] and the electron energy distribution, f (ε):
where ε is the electron energy. A Maxwellian distribution with a mean electron energy of 2.5 eV has been assumed here. This is a close estimation to the electron energy distribution in the atmospheric-pressure plasma because the electrical field strength/pressure ratio (E/p) is low and the plasma is highly collisional. The rate constants for the radical reactions have been evaluated at atmospheric pressure and are well established [22, 23, 25] . In the simulations, reactions R1-R39 are employed inside the plasma, while downstream of the discharge, only reactions involving neutral species are used. At atmospheric pressure, the electrons are extinguished within a few hundred micrometres after leaving the gas space between the electrodes [15] .
The predicted densities of the ions and excited helium species in the discharge are shown in figure 4. The gas feed is the same as in the experiments: 12.6 Torr CF 4 charge summed over all these ions and electrons equals zero, confirming that the plasma is neutral. It is further noted that the F − concentration is 3.0 × 10 12 cm −3 , or about five times higher than the electron density. This indicates that the plasma is 'electronegative,' which is consistent with other studies of gas discharges containing fluorocarbons [27] .
The predicted profiles of the neutral species in the plasma and in the afterglow downstream of the electrodes are shown in figure 5 . The profile for carbon tetrafluoride is not shown in the figure. Its density is 3.1 × 10 17 cm −3 . The CF 4 is dissociated in the plasma into F, CF 2 , and CF 3 . The CF 2 and CF 3 achieve concentrations in the range of 10 13 and 10 14 cm −3
inside the discharge, but are rapidly converted to C 2 F 6 in the afterglow. In contrast, the concentration of F atoms rises to 1.3 × 10 15 cm −3 inside the plasma, and decreases only slightly to 1.0 × 10 15 cm −3 over the 20 mm length of the afterglow region. The F atoms are stable downstream of the discharge because they are consumed by three-body collisions, which are infrequent at these conditions. The F atom density predicted by the numerical simulation is in good agreement with the value measured by H 2 titration (see figure 3 ). This suggests that the numerical model captures the physics and chemistry of the process.
The fluorine atoms are produced by several elementary processes in the discharge, involving collisions of CF 4 with energetic helium species and electrons. By running several simulations, it was determined that reactions R10 and R16-R18 are kinetically significant. In particular, the reaction of CF 4 with metastable helium, R10, accounts for 70% of the fluorine atoms generated in the plasma.
Conclusions
In summary, the fluorine atom concentration produced by the dissociation of carbon tetrafluoride in a helium-stabilized, atmospheric-pressure plasma has been measured for the first time. The F atom density 3 mm downstream of the electrodes is 1.2×10 15 cm −3 at 84 W cm −3 , 12.6 Torr CF 4 , and 739.0 Torr helium. This concentration is several orders of magnitude higher than that recorded in low-pressure CF 4 discharges.
